Postmortem femoral blood concentrations of the antipsychotic drugs aripiprazole, chlorprothixene and its metabolite, and quetiapine were determined by LC-MS-MS in 25 cases for aripiprazole and 60 cases each for chlorprothixene and quetiapine. For cases where the cause of death was not related to the considered drugs, the following blood concentration intervals (10 -90 percentiles) were observed: 0.049 -0.69 mg/kg for aripiprazole, 0.006 -0.24 mg/kg for chlorprothixene, and 0.006 -0.37 mg/kg for quetiapine. These concentration ranges largely correspond to therapeutic plasma levels observed in vivo suggesting no or only limited postmortem redistribution for aripiprazole, chlorprothixene with metabolite, and quetiapine in these cases. One fatality caused by chlorprothixene with a blood level of 0.90 mg/kg was recorded, and in six cases chlorprothixene was judged to be contributing to death with concentrations 0.43-0.91 mg/kg. No fatalities exclusively ascribed to the two other drugs were observed, but aripiprazole was considered to be contributing to death in one case (1.9 mg/kg) and quetiapine in seven cases with concentrations 0.35 -10.0 mg/kg. The presented values may serve as a reference for judgment of postmortem cases with presence of these antipsychotics.
Introduction
In postmortem cases, blood levels of drugs may not equal in vivo concentrations in plasma because of postmortem redistribution and differences between plasma and whole blood concentrations (1 -4) . Thus, it has been recommended to estimate reference levels from postmortem cases since postmortem reference concentrations are a valuable asset for determining cause of death (5, 6 ). Druid and Holmgren and later Reis et al. compiled postmortem drug levels and divided them into three categories: A: concentrations in cases ascribed to fatal intoxication with the drug as the sole cause of death, B: concentrations where the drug is considered a contributing cause of death, and C: concentrations observed when the drug is not considered to be directly related to the cause of death, e.g., suicide by hanging or shooting (5, 6 ). This categorization is primarily based on circumstances and not on drug concentrations. Postmortem reference values have also been reported in other studies, e.g., amlodipine (7) , risperidone (8) , olanzapine (9) , and more recently for 16 different sedative and hypnotic drugs (10) . In other studies, postmortem concentrations were reported for 25 and 129 drugs, respectively, including several antipsychotics, but there were no categorization in A -C case types (11, 12) . Here, we present concentration ranges in postmortem blood for aripiprazole, chlorprothixene, and quetiapine. The results were categorized A -C and compared with previously published findings. The three drugs investigated here are all antipsychotic drugs used primarily in the treatment of schizophrenia and bipolar disorder. The recommended daily doses for aripiprazole are 10 -30 mg orally, for chlorprothixene 20-600 mg in two divided portions either by oral or intramuscular routes, and for quetiapine 150 -800 mg in two or three divided oral portions (13) . During therapy, the average plasma/serum levels for aripiprazole have been measured up to 0.96 mg/L (14), for chlorprothixene up to 0.3 mg/L (15, 16) , and for quetiapine up to 1.1 mg/L (17) as listed in Table I . Concerning aripiprazole, adults or children who ingested acute overdoses have suffered from mild sedation (40) to coma (22) , but so far no deaths have been recorded, even in cases where the concentration were elevated by up to 3-to 4-fold over normal therapeutic levels suggesting that aripiprazole has a wide therapeutic index. The side effects of chlorprothixene can be so substantial that normally a full effective dose cannot be given, so chlorprothixene is often given in combination with other more potent antipsychotic drugs to allow remission of the psychotic disorder. Overdose symptoms can be confusion, hypotension, and tachycardia (13) and several fatalities have been reported with concentrations in postmortem blood ranging from 0.1 to 7.0 mg/L (5, 23 -25) . Overdose symptoms for quetiapine poisoning can include drowsiness, disorientation (41) , neuroleptic malignant syndrome (42) , EKG abnormalities (30), together with tachycardia, and coma (31) . Several fatalities have been reported with postmortem blood concentrations ranging from 0.28 to 170 mg/L (35 -39).
Experimental

Postmortem samples
Screening for aripiprazole, quetiapine, chlorprothixene, and its active N-desmethylmetabolite is part of the routine toxicological investigations of forensic cases. Aripiprazole was detected in 25 cases in the period 2006 -2013, chlorprothixene in 60 cases, and quetiapine in 60 cases for the period 2009 -2012. Dosing details were not available. Autopsies were performed within 1 -4 days after the bodies arrived at the Department of Forensic Medicine; storage was at 58C. Blood was drawn from the femoral vein at the beginning of the autopsy after the body was opened without ligation of the iliac vein. The blood samples were preserved with 1% sodium fluoride and stored at 2208C until analysis.
Analytical method
Aripiprazole cases from 2006 to 2011 (N ¼ 16) and all chlorprothixene with metabolite (N ¼ 60), and quetiapine (N ¼ 60) cases were quantified by a previously published method (43) involving liquid -liquid extraction, separation by ultra-high-performance liquid chromatography and detection by tandem mass spectrometry. Aripiprazole was not originally included in the method but added later. Reference material of aripiprazole was obtained from Bristol-Myers Squibb Company (Syracuse, New York, USA). All blood samples are initially weighed; hence, the results are given in mg/kg. The detection was performed by positive electrospray ionization operating in multiple reaction monitoring (MRM) mode with two MRM transitions of each drug. The published method was validated for 25 common pharmaceuticals including chlorprothixene with metabolite and quetiapine (43) . A supplementary validation for aripiprazole showed a linear range from 0.002 to 1.0 mg/kg (LOQ 0.002 mg/kg) and a process efficiency of 60%. The intermediary precisions were 20 and 17% with bias against the spiked level of ,2% for the low and high controls at 0.020 and 0.30 mg/kg. Aripiprazole samples from 2012 (N ¼ 9) were measured by another method, which is under preparation for publication. The sample preparation was based on solid-phase extraction (SPE) that was described in detail in (44) , while the UHPLC -MS-MS conditions are as described in (43) with the following transitions for aripiprazole: 448!285 and 448!176 with a cone voltage of 49 V and collision energy at 25 and 31 eV, respectively. The new method had a linear range from 0.002 to 2.5 mg/kg (LOQ 0.002 mg/kg) and a process efficiency of 38%, while the intermediary precision was 13 and 14% with bias of 6 and 16% for the low and high controls at 0.020 and 0.30 mg/kg, respectively. The metabolite dehydroaripiprazole was not quantified, but separation between the parent compound and metabolite was achieved with the chromatographic system, so no interference occurred for the aripiprazole determinations.
Results and discussion
The concentration data are given in Table II for all the drugs studied separated into A -C categories.
Aripiprazole
For the 25 aripiprazole cases, there was a single category B case, 20 category C cases, and 4 cases with uncertain cause of death (U). The concentration of the single aripiprazole category B case, 1.9 mg/kg, is of the same order of magnitude as observed in a clinical intoxication case (22) . Besides aripiprazole poisoning, the deceased had a toxic/fatal methadone level of 1.4 mg/kg. For the 20 C cases, the cause of death was poisoning with other drugs (13), suffocation (1), stabbing (1), and natural causes for the remaining 5. The concentration levels of the category C cases (N ¼ 20), which ranged from 0.015 to 0.91 mg/kg, were in the same order of magnitude as reported in vivo therapeutic plasma or serum levels from below LOQ to 0.96 mg/L (14, 18 -21) . The 10 -90 percentile for aripiprazole was determined to 0.049 -0.69 mg/kg.
Chlorprothixene
There were 1 A case, 6 B cases in addition to 51 C cases. The latter included 33 cases of poisoning with other psychoactive drugs and/or ethanol, 3 drowning and suffocation cases, and 15 cases with a natural cause of death. For two cases, the cause of death was uncertain (U).
The concentration of the A case, 0.90 mg/kg, was of the same order of magnitude as values given in the literature for fatalities with chlorprothixene present as the only drug (5, 23 -25) . For the six category, B cases the concentration range 0.43 -0.91 mg/kg was about the same as the plasma/serum range reported for clinical intoxication cases 0.4 -0.8 mg/L (15) and the range for blood in postmortem cases 0.60 -7.0 mg/kg (5, 23). All B cases involved multiple drugs, and four of the six cases involved benzodiazepines in therapeutic levels, one case involved opioids in therapeutic levels, five cases involved antidepressants up to toxic levels, two cases involved other antipsychotic drugs at therapeutic to toxic levels, and one case included the antihistamine hydroxyzine at a toxic level. The concentrations of the category C cases (N ¼ 51), which ranged from 0.002 to 0.43 mg/kg, were of the same order of magnitude as stated in vivo therapeutic plasma/serum levels 0.02 -0.3 mg/L (15, 16) . The 10 -90 percentile was determined to 0.006 -0.24 mg/kg.
The A category case had a drug/metabolite ratio of 1.76, and the medians for the B and C categories were 1.87 and 1.53, respectively. In the literature, three chlorprothixene postmortem overdose cases have been reported with an average drug/metabolite ratio of 1.31 (23, 25) .
Quetiapine
For the 60 quetiapine cases, there were no cases where quetiapine poisoning was classified as the sole cause of death, but seven cases were considered category B cases, where quetiapine was a contributing factor to death. The cause of death for all the B cases was determined as multiple drug poisoning. In five cases, opioids were present in therapeutic to possible lethal levels, five cases involved multiple antipsychotic drugs up to toxic levels, four cases had benzodiazepines levels from therapeutic to toxic levels, and four cases had antidepressants from therapeutic to elevated levels. Fifty-one cases were considered C cases with cause of death unrelated to quetiapine. These cases included 32 cases of poisoning with other psychoactive drugs and/or ethanol, 11 cases of natural death, 3 cases of suffocation, 2 cases of drowning, 2 cases of hanging, and a single case of carbon monoxide poisoning. The cause of death for the two cases left was classified as uncertain.
The seven category B cases had concentrations 0.35 -10.0 mg/kg, which were below or in the range of serum/plasma values for clinical intoxication cases, 1.1 -12.7 mg/L (30 -34) .
The concentrations of the category C cases (N ¼ 51), which ranged from 0.003 to 0.80 mg/kg, were in the same range as reported in vivo therapeutic values, from below LOQ to 0.92 mg/L (17, 26 -29) . The 10 -90 percentile was determined to 0.006 -0.37 mg/kg.
Postmortem redistribution
Antipsychotic drugs usually have high volumes of distribution with high tissue concentrations, which are considered to predispose to postmortem redistribution (45) . However, concentrations of the three antipsychotic drugs aripiprazole, chlorprothixene plus metabolite, and quetiapine in cases with cause of death presumed to be unrelated to toxicity of these drugs were of about the same magnitude as published in vivo therapeutic plasma/serum values, suggesting that these drugs are not likely to be subject to major postmortem concentration increases in femoral blood. This is in opposition to the majority of antipsychotic drugs that tend to exhibit increases of postmortem values. Even though postmortem redistribution generally is more pronounced in heart than in femoral blood, postmortem redistribution has previously been reported in femoral blood as well (46, 47) . On the other hand, quetiapine has recently been reported not to undergo postmortem redistribution (48) .
Conclusion
Reference concentrations of postmortem femoral blood values were estimated for aripiprazole, chlorprothixene, N-desmethylchlorprothixene, and quetiapine. One fatality due to chlorprothixene poisoning was reported as well as 13 fatalities due to multiple drug poisoning with 6 cases involving chlorprothixene and 7 cases involving quetiapine. The reference values were all of the same order of magnitude as previously reported in vivo literature values indicating no extensive postmortem redistribution for the investigated drugs.
